The present study was designed to characterize phenotypically and genotypically seven Arcanobacterium haemolyticum strains obtained from infections of six horses. All seven strains showed the cultural and biochemical properties typical of A. haemolyticum and were susceptible to most of the antibiotics tested. The species identification could be confirmed by amplification and sequencing of the 16S rRNA gene and the 16S-23S rRNA intergenic spacer region and by PCR amplification of species-specific parts of the gene encoding phospholipase D in A. haemolyticum. Use of the latter could possibly improve future identification of this generally human pathogenic bacterial species which, according to the present results, seems to occur also in infections of horses.
pyogenes DSM 20630, Corynebacterium pseudotuberculosis biovar equi DSM 7177, and C. pseudotuberculosis biovar ovis DSM 7179 and seven bacterial cultures isolated from infections of six horses which were presumptively identified as A. haemolyticum. Further data about the origins of the seven strains are summarized in Table 1 .
Phenotypic properties. Hemolytic properties of the bacteria were examined on blood agar containing 5% sheep or rabbit blood after incubation of the bacteria for 24 to 48 h in a candle jar. The rabbit blood was obtained from Harlan Winkelmann, Borchen, Germany. In addition, a CAMP-like test was performed on sheep blood agar with Streptococcus agalactiae and Rhodococcus equi reference cultures, and the reverse CAMP test was performed with a beta-hemolytic Staphylococcus aureus strain (18, 21) . The indicator microorganisms were obtained from the strain collection of Institut für Pharmakologie und Toxikologie. The A. haemolyticum cultures were additionally cultivated on Loeffler agar (2) and for determination of cross-reactions with streptococcal serogroup G-specific antisera investigated with a commercial grouping kit (streptococcal identification kit; Oxoid, Wesel, Germany). For biochemical characterization, the API Coryne test system (Biomerieux, Nürtingen, Germany) was used according to the instructions of the manufacturer as described previously (10) . In addition, tablets containing substrates for investigation of the enzymes alkaline phosphatase, ␣-mannosidase, and pyrrolidonyl arylamidase (Inverness Medical, Köln, Germany) were used according to the instructions of the manufacturer (Rosco Diagnostica A/S, Taastrup, Denmark). Further enzyme studies were performed using the substrates 4-methylumbelliferyl-␤-D-galactopyranoside (5 mol), 4-methylumbelliferyl-␤-D-glucuronide (15 mol), and 4-methylumbelliferyl-Nacetyl-␤-D-glucosaminide (5 mol) (Sigma, Steinheim, Germany) dissolved in 0.2 ml of dimethyl sulfoxide as described by Maddocks and Greenan (24) . The individual stock solutions were diluted to 10 ml in acetate buffer, pH 5.2 (32) . The enzyme assay was performed by the method of Slifkin and Gil (32) . The bacteria were additionally investigated for catalase activity with 3% H 2 O 2 on microscopic slides for hyaluronidase enzyme activity with a Streptococcus equi subsp. equi reference strain by the method of Raus and Love (29) for DNase activity on DNase test agar (Merck, Darmstadt, Germany) and for acetoin production with methyl red-Voges-Proskauer broth (Merck).
Antibiotic resistance. The bacterial strains were studied for antimicrobial susceptibility on Mueller-Hinton agar (Oxoid) plates containing 5% sheep blood using enrofloxacin (5 g, Oxoid), erythromycin (15 g), gentamicin (10 g), penicillin G (10 IU), tetracycline (30 g), and sulfamethoxazole-trimethoprim (23.75 g of sulfamethoxazole and 1.25 g for trimethoprim) disks (Mast Diagnostics, Reinfeld, Germany). The results were recorded according to NCCLS criteria (26) after 48 h of incubation at 37°C in a candle jar by measuring the antimicrobial zone diameters.
Genotypic properties.
For DNA extraction, a single colony of each isolate was cultivated and incubated for 48 h on sheep blood agar in a candle jar. Five to 10 colonies of the freshly subcultured strain were subsequently suspended in 180 l TE buffer (10 mmol/liter Tris-HCl, 1 mmol/liter EDTA [pH 7.2]) containing 5 l mutanolysin (10 U/l; Sigma). After incubation for 1 h at 37°C, 25 l proteinase K (Qiagen, Hilden, Germany) and 200 l AL lysis buffer (Qiagen) were added, and the suspension was incubated for an additional 2 h at 56°C. The DNA was subsequently isolated by using a DNeasy tissue kit according to the manufacturer's instructions (Qiagen).
Sequencing of 16S rRNA gene and 16S-23S rRNA ISR. The 16S rRNA gene of the seven A. haemolyticum strains was amplified with an expected size of 1,403 bp by using the oligonucleotide primers 16SUNI-L (5Ј-AGA GTT TGA TCA TGG CTC AG-3Ј) and 16SUNI-R (5Ј-GTG TGA CGG GCG GTG TGT AC-3Ј) (16) , which corresponded to bases 8 to 27 and to bases 1391 to 1410 of the 16S rRNA gene sequence of Escherichia coli (NCBI accession number J01859), respectively. The intergenic spacer region (ISR) was amplified with an expected size of 600 bp by using the oligonucleotide primers c (5Ј-TTG TAC ACA CCG CCC GTC A-3Ј) and b (5Ј-GGT ACC TTA GAT GTT TCA GTT C-3Ј) described by Kostman et al. (15) and Chanter et al. (7) .
Both PCR amplifications were performed with the following reaction mixture (30 l): 1 l (10 pmol/l) of each primer, 0.6 l (10 mmol/liter) of deoxynucleoside triphosphates (Fermentas, St. Leon-Rot, Germany), 3 l GeneAmp 10ϫ PCR Gold buffer (150 mM Tris-HCl, 500 mM KCl [pH 8.0]) (Applied Biosystems, Darmstadt, Germany), 1.8 l MgCl 2 (25 mM) (Applied Biosystems), 0.2 l AmpliTaq Gold polymerase (5 U/l, Applied Biosystems), and 19.9 l sterile aqua dest. Finally, 2.5 l DNA template was added to this reaction mixture. The PCR program for the 16S rRNA gene was carried out as follows: one step of 10 min at 95°C; 30 cycles, with 1 cycle consisting of 30 s at 95°C, 60 s at 58°C, and 60 s at 72°C; and one step of 7 min at 72°C. For ISR, this program was followed by one step of 10 min at 95°C; 30 cycles, with 1 cycle consisting of 70 s at 95°C, 70 s at 45°C, and 70 s at 72°C; and one step of 7 min at 72°C using a Biometra T3000 thermocycler (Biometra, Göttingen, Germany) or Gene Amp PCR system 2400 (Perkin-Elmer, Rodgau Jügesheim, Germany). The PCR products (8 l) were mixed with 2 l loading dye solution (Fermentas) and separated by 2% agarose gel electrophoresis (Biozym, Hessisch-Oldendorf, Germany) at 120 V in 1ϫ TAE buffer (4.0 mmol/liter Tris-HCl, 1 mmol/liter EDTA [pH 8.0]) with a 100-bp DNA ladder (Roche, Mannheim, Germany) as the molecular size standard. The PCR products were than stained for 5 min with 5 l/ml ethidium bromide solution (Sigma). The amplicons were then visualized under a UV trans-illuminator (Bio-Rad, München, Germany) or ImageMaster VDS (Pharmacia Biotech, Freiburg, Germany).
In parallel, the PCR products were purified using a commercial PCR purification kit (QIAquick PCR purification kit) as recommended by the manufacturer (Qiagen). The purified DNA was sequenced by SEQLAB Sequence Laboratories (Göttingen, Germany). The obtained sequences of the 16S rRNA gene and of ISR of the seven A. haemolyticum strains were aligned, further analyzed using the cluster method of the MegAlign program (DNASTAR Inc., Madison, WI), and compared with the nucleotide sequences of the 16S rRNA gene and ISR of all eight Arcanobacterium reference strains obtained from NCBI GenBank: A. haemolyticum (GenBank accession numbers AJ234059 and EU194564, respectively), A. bernardiae (X79224; EU194562), A. bialowiezense (AJ879696; EU194569), A. bonasi (AJ879697; EU194570), A. hippocoleae (AJ300767; EU194568), A. phocae (X97049; EU194566), A. pluranimalium (AJ250959; EU194567), and A. pyogenes (X79225; EU194563).
Design of an A. haemolyticum phospholipase D gene-specific PCR. The A. haemolyticum phospholipase D gene (pld)-specific oligonucleotide primers were designed by OLIGO 4 primer analysis software (version 4.0) using the pld gene sequence (NCBI GenBank accession number L16583). The forward primer sequence was AhF (5Ј-ATG TAC GAC GAT GAA GAC GCG-3Ј), the reverse sequence was AhR (5Ј-GCT TCC TTG TCG TTG AGA TTA TTA GC-3Ј), and A. haemolyticum (n ϭ 7)
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the expected size of the amplicon of A. haemolyticum phospholipase D-specific PCR was 528 bp. The PCR mixture was used as described above. The PCR program was carried out as follows: one step of 10 min at 95°C; 30 cycles, with 1 cycle consisting of 30 s at 95°C, 60 s at 60°C, and 60 s at 72°C; and one step of 7 min at 72°C. All oligonucleotide primers used in this study were synthesized by MWG Biotech (Ebersberg, Germany).
RESULTS AND DISCUSSION
All seven bacterial cultures investigated in the present study could be identified phenotypically and genotypically as A. haemolyticum. Comparable to previous findings (18, 21) , the seven strains produced a narrow zone of complete hemolysis on sheep blood agar plates, an enhanced hemolysis on rabbit blood agar plates, a synergistic CAMP-like hemolysis with Streptococcus agalactiae and Rhodococcus equi indicator strains and a reverse CAMP reaction with the beta-hemolysin of Staphylococcus aureus. In addition, the seven strains showed a moderate liquefaction of Loeffler agar which is well-known to be a typical property of A. pyogenes (2) . However, the serum liquefaction caused by A. pyogenes DSM 20630 appeared to be enhanced, and A. haemolyticum DSM 20595 did not cause serum liquefaction. An extracellular protease of A. pyogenes had been isolated and further characterized by Schaufuss et al. (30) . The extracellular substance causing the moderate serum liquefaction of the seven A. haemolyticum strains of the present study is not known. A cross-reaction with group G-specific antiserum could be observed, as already described (17) , for the A. pyogenes control strain but not for the seven A. haemolyticum strains. The biochemical properties of the seven A. haemolyticum strains determined with the API Coryne test system are summarized in Table 2 . The results corresponded to previous findings (10) . The accuracy of the API Coryne test system for identification of A. haemolyticum has already been demonstrated (11, 12) . The biochemical properties of the seven A. haemolyticum strains determined with the API Coryne test on July 9, 2017 by guest http://jcm.asm.org/ system could generally be confirmed with tablets containing substrates determining alkaline phosphatase, ␣-mannosidase, and pyrrolidonyl arylamidase enzyme activities and 4-methylumbelliferyl-conjugated substrates investigating the ␤-galactosidase, ␤-glucuronidase, and N-acetyl-␤-glucosaminidase enzymes. In addition, the seven A. haemolyticum strains appeared to be positive for DNase and negative for catalase, hyaluronidase, and acetoin ( According to the results of the antibiotic resistance tests of the present study, all seven A. haemolyticum strains appeared to be susceptible to enrofloxacin, erythromycin, gentamicin, penicillin G, and tetracycline, and four strains appeared to be susceptible to sulfamethoxazole-trimethoprim. The resistance of two A. haemolyticum strains to sulfamethoxazole-trimethoprim and the susceptibility to most of the other antibiotics tested corresponded to the findings of others (5, 17, 35) .
The seven A. haemolyticum strains could also be identified genotypically by amplification and sequencing of the 16S rRNA gene (NCBI GenBank accession numbers EU409524 to EU409529 and EU915467) and ISR (accession numbers EU409530 to EU409535 and EU915468) yielding an almost complete identity to the corresponding sequence of the A. haemolyticum reference strain obtained from GenBank. Dendrogram analysis of both sequencing results are shown in Fig. 1 . Sequencing ISR of bacteria of genus Arcanobacterium and the design of ISR-specific oligonucleotide primers had already been used for PCR-mediated identification of A. bialowiezense and A. bonasi (13) .
The species identification of the seven A. haemolyticum strains could also be confirmed by PCR-mediated amplification of species-specific regions of the pld gene encoding phospholipase D of A. haemolyticum. A typical amplicon (expected size of 528 bp) of the A. haemolyticum phospholipase D-specific PCR is shown in Fig. 2 . No cross-reactivity could be observed with any of the other Arcanobacterium species or with both C. pseudotuberculosis reference strains (data not shown). A PCR-mediated identification of C. pseudotuberculosis using C. pseudotuberculosis pld-specific oligonucleotide primers had been described by Pacheco et al. (27) . The gene encoding A. haemolyticum phospholipase D had been cloned and sequenced and showed some similarities to the corresponding genes of C. pseudotuberculosis and Corynebacterium ulcerans (9, 25) . However, the A. haemolyticum phospholipase D genespecific oligonucleotide primers designed in the present study could be used successfully for genotypic identification of this species and might improve a future diagnosis of A. haemolyticum infection in human and veterinary medicine.
To our knowledge, the present study is the first detailed phenotypic and genotypic characterization of A. haemolyticum strains isolated from infections of animals. However, at present, nothing is known about the route of infection and about the zoonotic potential these strains might have for the horse owner.
